The original littlest Higgs model with universal fermion couplings is found to be consistent with precision electroweak data but is strongly constrained by Tevatron limits on the predicted centi-weak Z boson. A possible signal observed by CDF at 240 GeV is consistent with the predicted Z , and a region below 150 GeV is largely unconstrained by collider data. LHC searches for narrow dilepton resonances below 500 GeV will have sufficient sensitivity to discover the Z boson or to exclude the model over most of the range allowed by the electroweak fits.
Introduction
Little Higgs models address the fine tuning problem posed by quadratically divergent one loop corrections to the Higgs boson mass in the SM (Standard Model) by identifying the Higgs as a pseudo-Nambu-Goldstone boson which only acquires a cutoff sensitive mass at two loop order. Pioneering studies of the original SU (5)/SO(5) littlest Higgs model [1] found that constraints from precision EW (electroweak) data [2, 3, 4, 5] and collider limits on the predicted Z boson [6] force the model into a region where fine-tuning re-emerges, engendering many variants of the original model. [7] Here we present EW fits of the original model that are consistent with the precision data and in which the Higgs mass is not fine-tuned. Good fits, with χ 2 values below the SM fit and fine tuning above 10% (and often of order one),
occur for values of the SU (5) breaking condensate f between 0.5 and 2.7 TeV. The best of these fits are at f = O(1) TeV, as orginally envisioned in [1] , while unexpectedly favoring large values of the Higgs boson mass, from ∼ 0.3 − 1 TeV. The model then also removes the tension between the EW data and the LEPII lower limit on the Higgs mass, which is especially acute if the A b F B anomaly is due to underestimated systematic error. [8] A signature prediction of the fits is a light Z boson below 500 GeV and possibly as light as O(100) GeV, with centi-weak coupling to quarks and leptons. CDF [10] and D0 [11] limits currently provide the strongest constraints, excluding much of the region allowed by the EW fits. An excess at 240 GeV in the e + e − mass spectrum observed by CDF [10] is consistent with the Z predicted by the EW fits. The excess is nominally 3.8σ, with 0.6% probability (2.5σ) to be due to a chance fluctuation anywhere in the 150-1000 GeV mass range. If confirmed as a Z boson, it would correspond in the LH (littlest Higgs) model to a symmetry breaking scale f 1.5 TeV, and would provide a good fit to the EW data. The CDF and D0 studies have comparable sensitivity, since D0 considered a larger data sample while CDF had a larger acceptance, and the CDF excess is outside the D0 allowed region. Future Tevatron and LHC data will soon determine if the excess is a fluctuation or a real signal. The model can be tuned to further suppress Z production, but without a physical basis from the UV completion it would be strongly disfavored unless a signal emerges at or near the present limits.
Following [3] we assume universal fermion charge assignments for the two U (1) gauge groups embedded in the global SO(5): the first two SM families have the same U (1) i charges as the third family, fixed by gauge invariance of the top quark Yukawa interaction specifed in the original model [1] and the absence of mixed SU (2) L − U (1) i anomalies. The results differ from earlier studies [3, 5] chiefly because the EW fits are performed with complete scans of both the SM and LH parameters, possible thanks to currently available computing capability. Earlier studies fixed the SM parameters at their SM best fit values and/or did not scan on all LH parameters. We find that the LH best fit typically occurs at different values of the SM parameters than the SM best fit (especially m H ) and that important cancellations emerge if all LH parameters are scanned. Current data is more restrictive than the data used in earlier studies -in addition to more precise measurements of the top and W masses, low energy data [12, 13] and Tevatron limits on Z production now impose stronger constraints. ZFITTER [14] is used for the SM corrections, and experimental correlations are included. [15] In the next section we discuss the methodology of the EW fits and summarize the results. We then discuss the light centi-weak Z boson that is predicted by the fits, including the upper bounds from the Tevatron and the fits that result if the excess at 240 GeV seen by CDF is attributed to the Z . This is followed by a discussion of the future limits that can be reached at the LHC. We next discuss the extent to which the parameters of the model are themselves fine tuned, concluding that the principal source of tuning is the constraint imposed on the U (1) mixing angle by the Tevatron (and eventually LHC) bounds on Z production. We conclude with a brief discussion of the results.
Electroweak Fits
The global SU (5) contains a gauged SU (2) 1 × SU (2) 2 × U (1) 1 × U (1) 2 subgroup with coupling constants g 1 , g 2 , g 1 , g 2 . The breaking to SO(5) with condensate f gives masses to a combination of the SU (2) i and U (1) i gauge bosons. The orthogonal SU (2) × U (1) is unbroken and the would-be Higgs boson is at this stage part of a massless Nambu-Goldstone boson doublet. The unbroken SU (2) × U (1) is identified with the EW SU (2) × U (1) and is subsequently broken by a Higgs boson vev (vacuum expectation value), v = 247 GeV, induced by the one loop effective potential -for details see [1] and [2] .
The salient features for the EW fit are (1) changes in Z boson interactions from Z − Z mixing and (2) custodial SU (2) breaking from three sources: a triplet Higgs boson vev, the shift in m Z due to Z − Z mixing, and mixing between the left chirality t L quark and its t L partner. We scan the usual SM parameters, ∆αL f ). Following [2, 3] we also restrict θ and θ to s, c, s , c ≥ 0.1 to keep the gauge coupling constants from becoming unreasonably large.
The 95% CL contour in the f − c plane is shown in figure 1 . The dashed line is the trajectory of the best fit. As in [3, 5] the contour is defined with respect to the SM best fit, although with a more restrictive criterion: we require ∆χ 2 < 5.99 corresponding to 95% CL for two degrees of freedom (f and c 2 ), compared to ∆χ 2 < 7.8 and ∆χ 2 < 6.6 in [3] and [5] respectively. The global best fit with χ 2 = 17.3 is at f = 1. [1] . 3 For additional discussions of fine tuning in the LH model see [16, 17] . These results are quite different from the earlier studies. In [3] fits with f = 1 TeV are at the limit defined by ∆χ 2 = 7.8, hence 9 χ 2 units above the value obtained here, nor do they satisfy the fine tuning constraint. Those fits only improve as f increases, as the effects of the model begin to decouple. In contrast the best fits presented here are at f 1 TeV and the upper limit on f is set by the fine tuning constraint. The difference is principally the result of scanning on the SM parameters, especially m H , and on a more thorough scan over the LH parameters including the t − t mixing angle s L .
While the LH fit has more free parameters than the SM, the discovery of a Z boson in the EW allowed region would determine the parameters f and c , and the resulting LH fit would have a comparable confidence level to the SM. Because of the nature of the SM fit, the results obtained here are as good as it gets for any BSM model that does not explicitly address the 3.2σ A LR -A , have large QCD corrections that must be merged with the experimental cuts using hadronic Monte Carlos, giving rise to a systematic uncertainty that is difficult to estimate reliably. [9] If they are excluded the resulting SM fit is robust, with χ 2 confidence level increasing from CL(18.6, 13) = 0.14 for the full data set (table 2) to CL(8.3, 11) = 0.69 for the reduced set (table 3) , but the central value for the Higgs mass decreases from 89 GeV, with 24% probability to be in the LEPII allowed region above 114 GeV, to 58 GeV, with only 4% probability for the allowed region. [8, 9] The LH model raises the predicted value of the Higgs mass for the reduced data set well above 114 GeV while maintaining the robust quality of the fit to the EW data. A characteristic prediction emerging from the fits is a light, narrow Z Y boson, between ∼ 100 and 500 GeV, coupled to SM hypercharge Y . The EW fits favor values of c near √ η = √ 0.4 which suppresses the strength of the coupling and reduces the effect of Z − Z mixing on EW observables, as can be seen in equation (1) . The mass is determined by the LH model parameters f and c ,
implying a light Z boson, because of the factor 1/ √ 5 and especially because the fits favor values of c that maximize the factor s c in the denominator. Neglecting (for the moment) Z − Z mixing, which is of order v 2 /f 2 , the Z -fermion interaction is
with y f = q f − t 3f , where g Z is related to the SM Z coupling g Z = g/cosθ W by
However, because g Z is suppressed for c 2 near η = 0.4, the small admixture of the SM Z 0 boson in the Z mass eigenstate can have a significant effect on the interaction of the Z . With Z Z Y − θ Z−Z Z 0 the Z − Z mixing angle at leading order is
Including the effect of Z − Z mixing on Z f f interactions we replace equation (7) with
where
In particular, the Z eigenstate then has an appreciable branching ratio to
Using equations (6) and (8-11) the Z mass and couplings are determined in terms of f and c . The cross section for Z production as a function of m Z is then determined by the two parameters, f and c . We compute the cross sections 4 with K factor K = 1.3 and compare the results with the limits on narrow Z production from CDF [10] and D0 [11] . An upper limit on σ Z BR(e + e − ) at mass m Z implies upper and lower limits on c 2 at corresponding values of f , while a Z discovery would determine f and c 2 up to a twofold ambiguity.
Solving numerically we obtain the upper and lower limits on c 2 as a function of f that are shown in figure 1.
Viewing the CDF excess at 240 GeV as illustrative of a possible signal, 5 we estimate σ Z BR(e + e − ) 42 fb from the data. 6 The corresponding values of f and c 2 are plotted as circles in figure 1 The fit predicts events principally in two bins between 230 and 250 GeV, while most of the excess is in the upper bin. However, with only ∼ 30 excess events no conclusion can be drawn from the shape of the distribution. 6 The quoted net signal efficiency [10] at m e + e − = 150 GeV is TOT = 0.27. The net efficiency at 240 GeV increases in proportion to the acceptance of the CDF fiducial region, to TOT = 0.32, since trigger and other instrumental efficiencies for electrons in the fiducial region vary slowly between 150 and 240 GeV. Taking the interval m e + e − = 240 GeV ± 2σ m e + e − where the CDF resolution at 240 GeV is σ m e + e − = 5.4 GeV, we find 32 signal and 70 background events from figure 1 of [10] , reproducing the quoted 3.8σ nominal signficance. The total signal cross section for 2. Because the Higgs triplet and the top partner both effect the EW fit predominantly via the oblique parameter T , the fit sees v and s L as a single degree of freedom.
7 Since a Z discovery would determine f and c , the resulting LH fit would effectively have two more independent parameters than the SM fit: the SU (2) mixing angle c and the oblique parameter T determined in a correlated way by v and s L . The LH fit to the full data set in 3, 9) = 0.69. However, unlike the SM fit which predicts a 58 GeV Higgs boson with only 4% probability to be in the LEP II allowed region above 114 GeV, the LH fit has a shallow χ 2 minimum at m H = 560 GeV and is consistent with values between 270 GeV and 1 TeV.
Future Prospects
Future Tevatron and LHC data will determine if the excess at 240 GeV is a real signal or, if not, can tighten the limits on c 2 to the point of implausibility unless motivated by UV completion of the model. As seen in figure 1 the difference between the upper and lower limits on c 2 from the current CDF and D0 searches ranges from 0.02 to 0.09 for m Z from 150 to 500 GeV. The limit scales with the integrated luminosity like L the CDF and D0 limits could tighten by 30% and 15% respectively.
To illustrate the sensitivity of the LHC for the LH Z boson we consider m Z = 240 GeV and c 2 = 0.38, corresponding to the CDF excess. We require p T > 25 GeV and |η| < 2.4
for e + and e − , and assume 65% efficiency within the fiducial region, as aready achieved by ATLAS in an early study of the Z boson [21] . We parameterize the e For the heaviest Z allowed by the EW fit, m Z = 500 GeV, the corresponding 95% limits at 7 and 14 TeV would be 0.37 < c 2 < 0.43 and 0.39 < c 2 < 0.41.
The Tevatron Z limits constrain the model for m Z ≥ 150 GeV, corresponding to f ∼ > 920 GeV, but the region within the 95% EW contour with f < 900 GeV and m Z < 150 GeV is largely unconstrained. Good EW fits exist down to f = 500 GeV, corresponding to m Z = 85 GeV. The constraints are relatively weak because LEPII ran sparsely below 150 GeV, accumulating only 3 pb −1 samples at 130 and 136 GeV. For instance, a 140 GeV Z with r Z = 0.02 corresponding to f 860 GeV and c 2 = 0.38 (marked by the ellipse in figure 1 ) yields a good EW fit to the full data set with χ 2 = 17.5, m H = 600 GeV, and For f approaching 500 GeV the expansion in v 2 /f 2 becomes unreliable. Comparing the leading order result for θ Z−Z with the result to all orders [23] we find that the corrections are ≤ O(10%) for f ≥ 1 TeV as naively expected. Z − Z mixing is kept under control despite the light Z mass, because the factor 1/5 that suppresses m 2 Z is cancelled by a factor 1 − 2c 2 1/5 in the off-diagonal matrix element of the Z − Z mass matrix. The errors introduced by the leading approximation at the smallest values of f will shift the values of the parameters at which the best fits occur but will not significantly alter the confidence levels. A quantitatively reliable analysis of the very low f region will require going beyond the leading approximation.
Fine-tuning of model parameters
While we have obtained fits to the EW data that resolve the little hierarchy fine-tuning problem, we also find that recent Tevatron data imposes a strong constraint on c , the U (1) mixing angle parameter. As shown in figure 1 , the Tevatron data requires c 2 to be near η = 2/5 to suppress the Z coupling to SM fermions (see equation (8)). It is interesting that the EW data requires no further fine-tuning "price": although simple estimates suggest otherwise, we find that once the current Tevatron constraint on c is satisfied, no further tuning is required.
To illustrate the extent of tuning required by the EW data we consider the shift in Z-fermion couplings from Z − Z mixing, δg f , and the corrections to the effective leptonic weak interaction mixing angle, x , ef f W , which is the most important pseudo-observable in the EW fit, with part per mil precision, δx 
The factor 5 amplifying the U (1) corrections in equations (1) and (12) is especially dangerous.
As a specific example we consider the fit in (1) Corrections from the T parameter due to the top partner, t , and the triplet Higgs vacuum expectation value, v , can also have an appreciable effect on the fit, but they are not fine-tuned and they are not solely or even primarily responsible for the preference for large values of m H in the fits. 
Discussion
Contrary to earlier studies we find that the original littlest Higgs model with universal fermion couplings is consistent with precision EW data while amelioraing the little hierarchy problem, as originally envisioned in [1] . Our conclusions differ from the earlier studies [3, 5] chiefly because we have scanned over all SM and LH parameters, as might not have even been possible for the earlier studies with the computing capability available at the time. However, in the intervening years the Tevatron limits on Z production have increased to the point that they now constrain the model more strongly than the EW data. The excess observed by CDF at 240 GeV is consistent with the predicted Z boson; if it is confirmed the LH model will be one of the possible explanations. If it is not confirmed and no other consistent signal is seen at the Tevatron or the LHC, the model will succumb to a fine tuning problem for the U (1) mixing angle c that is as severe as the tuning required by the little hierarchy problem that it purports to solve.
